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Abstract
A low level optical carbon monoxide sensor utilizing a 2.3 μm surface-emitting laser and a hollow capillary
ﬁber as gas ”pipe” and waveguide is developed and practically demonstrated for the ﬁrst time. Tunable diode laser
spectroscopy based sensors have advantages like low cross sensitivity and nearly fail-safe operation. Additionally,
ﬁber-based optical cells are a highly attractive alternative to ordinary multipass cells due to strongly simpliﬁed align-
ment and dramatically lowered sample volume. By vibration of the ﬁber an absorbance resolution comparable to
ordinary cells, i.e. 10−5, is achieved. A 17 fold improvement in concentration resolution is obtained with a 3 m ﬁber
(170 ppb, 1 Hz) compared to a single-reﬂective cell and the needed sample volume is simultaneously lowered by
several orders of magnitude to 1.3 ml. This clearly demonstrates the potential of laser spectroscopic hollow capillary
ﬁber based sensors. An additional signiﬁcant sensitivity improvement is expected by using even longer ﬁbers.
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Introduction and Sensor Design
Tunable diode laser spectroscopy based gas sensors using hollow ﬁbers provide much more interaction between
light and gas medium, compared to conventional single-reﬂective gas cells. Compared to multi-pass cells, e.g. Herriott
cell [1, 2], the sample volume is reduced by several orders of magnitude. In this paper, a hollow waveguide (HGW)
[3] is used for detection of carbon monoxide (CO) at 2.3 μm wavelength. It has a length of 3 m and inner diameter
of 750 μm, giving an inner volume of 1.3 ml. The ﬁber is originally developed for delivery of high power laser light
in the mid-infrared range where ordinary silica ﬁbers can not be used. Light guiding is achieved by total reﬂection
on the Ag/AgI coating on the inner surface of the ﬁber. Due to the low divergence of the VCSEL light emission [4]
a straightforward in- and out-coupling without additional focusing lenses or mirrors is employed, which makes the
sensor design robust and compact.
Some gas/liquid sensing experiments with hollow waveguides have been reported so far: with quantum cascade
lasers for mid-infrared sensing using coupling-elements like objectives or oﬀ axis parabolic mirrors [5]. The sensor
sensitivity in terms of concentration resolution cres is given by the absorbance resolution ares, optical pathlength L and
the absorption coeﬃcient of the gas α:
cres =
ares
αL
(1)
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The absorption coeﬃcient α is a molecule parameter that depends on the selected absorption line and the absorbance
resolution is smallest detectable fraction of light absorbed by the gas. However, compared to a standard single-
reﬂective cell the empty ﬁber has a non-smooth transmission function that limits the absorbance resolution ares and
thus almost compensates for the eﬀect of a longer optical pathlength L. The background of the ﬁber is in the order of
10−4 whereas good single-reﬂective cells achieve a 10−5 absorbance resolution. In this paper, this issue is solved by
vibrating the ﬁber and thus ”smoothing out” the spectral background. This is due to the ﬁber is a highly multi-mode
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Fig. 1: Experimental setup of the sensor with a 3 m long hollow cap-
illary ﬁber. Mechanical vibration is employed to the ﬁber at the incou-
pling end. 10 vol% CH4 is ﬁlled as reference gas in the photodetector
housing, which serves as an integrated reference cell for calibration of
the wavelength scale [6]. A compact, microcontroller-based electron-
ics (board dimensions: 10 cm x 10 cm) serves as sensor control, signal
processing and data evaluation.
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Fig. 2: Far ﬁeld of the ﬁber. A
speckle pattern is observed indicat-
ing highly multi-mode propagation
of the light. The full-width half-
maximum of the far ﬁeld emission
is around 9◦.
waveguide and a strong interference pattern (speckle pattern) is created at the end of the ﬁber from interference of
diﬀerent ﬁber modes (Fig. 2). In a previous investigation [7], it was shown that the ﬁber background is inversely
proportional to
√
N with N being the number of speckle points the photodetector integrates. First, this shows that
a complete integration of the ﬁber far-ﬁeld is necessary and even then a residual ﬁber spectral background remains.
However, if to ﬁber an additional bending is applied, the speckle patterns changes. So by applying vibration the
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Fig. 3: Second harmonic spectrum of CO and CH4
in the ﬁber with vibration (blue) and without vibration
(red) and the expected gas spectrum computed from the-
oretical HITRAN data (black). The vibration frequency
is optimized for smallest background (diﬀerence be-
tween measurement and theory), so that reliable detec-
tion of the CO line at 2.3655 μm is possible.
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Fig. 4: The inﬂuence of ﬁber background on the sen-
sor baseline. The ﬁber is ﬁlled with nitrogen. The op-
timized vibration amplitude (37% of max. amplitude)
yields a stable baseline with low noise on it, whereas
other conditions give a high time varying oﬀset (0% and
40%) or high noise (60%) on the estimated concentra-
tion values.
ﬁber mode distribution is continuously altered and thus the number of integrated speckle points at the detector is
signiﬁcantly increased. This eﬀectively smooths out the empty ﬁber transmission function (ﬁber background) and
enhances absorbance resolution as shown in Fig. 3. The optimized vibration amplitude Δr (Fig. 4) in the range of
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several 100 μm yields a stable and small background of 10−5 (Fig. 3). The inﬂuence of vibration amplitude on the
sensor baseline is shown in Fig. 4. If the vibration amplitude is too high, the coupled light intensity is ﬂuctuating too
because of inappropriate coupling conditions, which distort the measurement. If the vibration amplitude is too low,
the spectral background is not improved resulting in a large sensor baseline (Fig. 4).
The complete sensor design is shown in Fig. 1. By using absorption lines of the methane gas ﬁlled in the pho-
todetector housing, the wavelength scale is calibrated inherently [6]. The ﬁber is vibrated with 200 Hz at the ﬁber
end with a sensor measurement rate of 10 Hz. The vibration essentially converts large fringes with a long periodicity
to noise with lower periodicity, which is easily ﬁltered by a curve ﬁt. The measurement result of the ﬁber based CO
sensor is shown in Fig. 5. A sensitivity of 170 ppb (1 sigma noise) was obtained at an averaging time of 1 s. The Allan
plot of the ﬁber sensor and sensor using single pass cell is shown in Fig. 6. The data for the single-reﬂective cell is
extrapolated by dividing the values with the optical pathlength ratio of the ﬁber and single-reﬂective cell. Comparing
both Allan plots an additional drift starting at 100 s is observed for the ﬁber sensor.
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Fig. 5: Measurement result of the ﬁber based CO sensor. A
sensitivity of 170 ppb (1 sigma noise) is obtained at averaging
time of 1 s. The vibration amplitude was set to an optimum
setting. The step at 2.3 min is caused by an interruption of the
purging and is no sensor artifact.
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Fig. 6: Allan plot of the ﬁber sensor (solid blue). For com-
parison, the Allan plot of the 40 cm single-reﬂective cell based
sensor (solid green) as well as the extrapolated performance of a
3 m single-reﬂective based sensor is shown (dashed green). The
optimal integration time of the ﬁber sensor is approx. 100 s. A
drift of the ﬁber sensor is indicated by the increase of the Allan
standard deviation σAllan above 100 s.
Conclusion
A hollow capillary ﬁber-based CO sensor is presented and its performance evaluated. High sensitivity is achieved
by lowering the ﬁber spectral background from 10−4 to 10−5 by vibration of ﬁber incoupling end. Thus an absorbance
resolution comparable to ordinary cells is achieved and the sensitivity enhancement corresponds to the optical path-
length ratio. To conclude, the presented sensor with a 3 m ﬁber has a 17 fold improvement in concentration resolution
(170 ppb, 1 Hz) compared to a single-reﬂective cell based sensor [6] while simultaneously lowering the needed sam-
ple volume by several orders of magnitude to 1.3 ml. This clearly demonstrates the potential of laser spectroscopic
hollow capillary ﬁber based sensors. An additional several fold sensitivity improvement is expected by using longer
ﬁbers which constitutes no technical diﬃculty.
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